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Summary
We show that 4D magnetic resonance velocity mapping
and Lagrangian Coherent Structures can be used to
quantify vortex ring volume in the human left ventricle.
Background
The vortex ring formed in the left ventricle (LV) of the
human heart during early diastolic inflow (correspond-
ing to the Doppler E-wave) contains information about
the normal and pathophysiologic aspects of diastole.
Previous studies suggest that the volume of the vortex
ring is an important characteristic of vortex ring forma-
tion. However, due to lack of quantitative methods, vor-
tex ring volume has not previously been studied in the
human left ventricle. The study of Lagrangian Coherent
Structures (LCS) is a new flow analysis method, which
for the first time enables a description of vortex ring
shape and the quantification of vortex ring volume. LCS
have not previously been used to quantify diastolic vor-
tex volume in humans. Therefore, the purpose of this
study was to investigate if LCS and three-dimensional,
time-resolved, three-directional phase contrast magnetic
resonance velocity mapping (4D PC-MR) can be used to
describe vortex ring shape and quantify vortex ring
volume in the human LV.
Methods
4D PC-MR was used to measure 4D velocities over the
whole heart and throughout the cardiac cycle at rest in
nine healthy volunteers and one patient with dilated
ischemic cardiomyopathy. From these data, LV LCS
were computed in all subjects. Vortex ring volume,
defined as the volume inside the LCS in the LV, was
manually delineated by two independent observers at
the conclusion of early rapid filling (corresponding to
the end of the Doppler E-wave). Vortex ring volume
was expressed as a percentage of LV volume (LVV) at
diastasis.
Results
Vortex ring volume could be delineated (see Figure) in
all subjects. Vortex volume in the healthy volunteers
was 51 ± 6 % of the LVV after the early filling phase, i.
e. at diastasis. Interobserver variability was -1 ± 13%. In
the patient, the vortex volume was 23 % of LVV.
Conclusions
Lagrangian Coherent Structures extracted from 4D car-
diovascular magnetic resonance velocity mapping
enables measurement of the volume of the vortex ring
that develops during early rapid filling (corresponding to
Doppler E-wave) of the LV. Quantitative analysis of vor-
tex rings using LCS provides a new window into the
causal physiologic relationship between diastolic func-
tion and blood flow.
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Figure 1 Vortex ring formation in the left ventricle after early
diastolic rapid filling, as shown by Lagrangian Coherent Structures
computed from 4D phase contrast velocity mapping. LCS are
shown as yellow/white lines. Panel A shows a cross-section of the
three-dimensional vortex ring LCS superimposed on a three-
chamber view cine image of the heart, just after early diastolic rapid
filling. Panel B shows the same LCS image, with a manual
delineation of the vortex ring LCS. Note how the vortex ring
occupies a large part of the left ventricle.
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